The Bicep and Keck Array experiments are a suite of small-aperture refracting telescopes observing the microwave sky from the South Pole. They target the degree-scale B-mode polarization signal imprinted in the Cosmic Microwave Background (CMB) by primordial gravitational waves. Such a measurement would shed light on the physics of the very early universe. While Bicep2 observed for the first time a B-mode signal at 150 GHz, higher frequencies from the Planck satellite showed that it could be entirely due to the polarized emission from Galactic dust, though uncertainty remained high. Keck Array has been observing the same region of the sky for several years, with an increased detector count, producing the deepest polarized CMB maps to date. New detectors at 95 GHz were installed in 2014, and at 220 GHz in 2015. These observations enable a better constraint of galactic foreground emissions, as presented here. In 2015, Bicep2 was replaced by Bicep3, a 10 times higher throughput telescope observing at 95 GHz, while Keck Array is now focusing on higher frequencies. In the near future, Bicep Array will replace Keck Array, and will allow unprecedented sensitivity to the gravitational wave signal. High resolution observations from the South Pole Telescope (SPT) will also be used to remove the lensing contribution to B-modes.
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INTRODUCTION
Our standard model of Cosmology, ΛCDM, is able to statistically describe our observable universe with only six cosmological parameters. We know these to percent-level precision, in large parts from CMB data. 1 As it has been extensively presented at the 2018 CIPANP Conference, while other astrophysical probes are in agreement with this model, we still don't understand its main components, the so-called dark energy and dark matter. Many theoretical and experimental studies are ongoing to study them or find alternative models.
Another perhaps greater mystery resides in the very early history of our Universe. The leading paradigm, Inflation, states that there was a period of exponential expansion, ∼ 10 −35 s after the Big Bang. This extreme phenomenon could explain the homogeneity and the flatness of our Universe 2 and would naturally generate and drive quantum fluctuations to cosmological scales. 3 These density perturbations are the seeds of temperature anisotropies of the CMB, as well as all structures of our Universe. Thomson scattering at the last scattering surface also generates linear polarization of some of these photons (see E-modes in Figure 1 ).
CMB measurements allow direct testing of predictions from inflation: namely that these initial perturbations are Gaussian, adiabatic, almost but not quite scale-invariant, and that our observable patch has a flat geometry. The coherence of these fluctuations at scales larger than the causal horizon at recombination, mainly visible in the anticorrelation of temperature and E-mode polarization, is also a prediction, which has ruled out other structure formation mechanisms, such as topological defects.
Inflation is also believed to have perturbed the metric of space-time itself, generating primordial gravitational waves (PGW). This is not the case of most alternative theories, and such a detection would be considered a major observational anchor of inflationary theories. As can be seen in Figure 1 , PGWs produce a curl-component polarization pattern in the CMB, called B-modes. 4, 5 We often characterize the amplitude of this signal at the power spectrum level, using the tensor-to-scalar ratio r.
In 2015, Planck placed the tightest constraints on r achievable with CMB temperature data only (r 0.002 < 0.11).
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Progress can now only come from polarized data. The best constraints as of September 2018 come from combining Bicep/Keck data with Planck and WMAP data (described in Section 2) : r 0.05 < 0.07 at 95% confidence.
While primordial B-modes have a clear signature in the polarized sky, other sources can mimic such a signal. Along their trajectory since the last scattering surface, photons get deviated by the gravitational potentials of massive structures in the Universe. This distorts E-mode patterns into a combination of curl-free E pattern and gradient-free B patterns. The gravitational lensing signal peaks at arcminute scales, as we see in Figure 2 . It is non-Gaussian, and can be disentangled and subtracted from the primordial signal using higher order statistics. Other sources of polarized contamination are astrophysical foregrounds, especially diffuse galactic ones. For now, only polarized dust -due to the alignment of dust grains in the galactic magnetic fields-and synchrotron -due to relativistic electrons spiraling around the magnetic lines-have been detected. Their angular power spectra follow power laws, dominating at large scales. Their frequency dependence, distinct from that of the CMB, can be used to estimate and remove them, as we will detail in the next sections. boresight axis, providing a polarization modulation, and systematics cross-checks. The focal plane, cooled to ∼ 250mK using a 3-stage Helium sorption refrigerator, holds an array of polarimeters, each consisting of a pair of co-located A/B orthogonal detectors. The signal is detected by voltage-biased titanium Transition Edge Sensors (TES). Data are recorded from the full array of detectors using a time-multiplexed SQUID readout system.
OBSERVING B-MODES WITH THE BICEP/KECK EXPERIMENT
The high altitude and extreme dryness at the South Pole provide a highly transparent atmosphere allowing to observe in multiple frequency windows (see Figure 4 and 5). Bicep2, a 26cm diameter single-aperture telescope with 512 TES at 150 GHz (see further details about the instrument, 6 and detectors 7 ), operated from 2010 to 2012 from the Dark Sector Laboratory (DSL). Keck Array, starting in 2012, has five Bicep2-like individual telescope receivers, operating at different frequencies (95 to 270 GHz). It is located on the large Dasi mount. In 2015, Bicep2 was replaced by Bicep3, a single 55cm-diameter receiver, with an optical throughput 10 times that of Bicep2. Bicep3 observes at 95 GHz with 2560 detectors.
Bicep2 was the first instrument to detect B-modes at high significance, 8 which were later shown to be compatible with a dust-only origin, using Planck higher frequency data (hereafter BKP 9 ). At the time of this writing, the most recent published Bicep/Keck paper includes all data up to 2014 (hereafter BK14 10 ), including data at 95 GHz for the first time. Here we discuss these results, as well as preliminary results from the BK15 analysis (currently in the final phases of the peer-review process), doubling the amount of data at 95 GHz and including for the first time data at 220 GHz.
The strategy of Bicep/Keck is to observe one of the cleanest 1% patches of sky continuously available from South Pole. The telescopes point at a constant elevation for 50 minutes, scan back and forth in azimuth across ∼ 60
• at 2.8 • /s, and then step by 0.25
• in elevation. Immediately before and after every 50-minute scan-set, we perform an elevation nod, where the telescope scans in elevation. The resulting small change in atmospheric loading is used for relative calibration of the detectors.
Time ordered data (TOD) go through a deglitching and relative calibration process. We then compute pair-sum and pair-difference time-streams from each A/B detector pair. While the pair-sums contain all the signal, pair-differences are only sensitive to polarized signal. A third-order polynomial filtering is applied to remove residual 1/f noise, which is weak in the pair-difference, since the atmosphere is largely un-polarized. We also remove signals that are fixed with respect to the ground. We perform a series of data-quality selections, and then bin this data into Temperature and Stokes Q and U maps. We transform these maps into power spectra using the matrix-based method described in our dedicated Time evolution of the map depths at each frequency. Bottom: Sensitivity to r after marginalization over the seven foreground parameters, as well as the "no foreground" raw sensitivity (red). These projections involve direct scalings from published end-toend analyses (here BK14) and hence include all real-world inefficiencies (detector yield, detector performance, weather, observing efficiency as well as incomplete mode coverage due to sky coverage, scan strategy, beam smoothing, and filtering in data analysis). The same forecasting pipeline was used for CMB Stage 4 (S4). Crosses represent achieved sensitivities (BKP, 9 BK14 10 and upcoming BK15). The dashed gray line shows the expected improvement if we delens the field using SPT-3G data (from an effective residual lensing amplitude of AL=0.56 in 2018 to 0.23 in 2023). paper 11 to avoid E to B mixing. Before we look at our real power spectra, all the datasets go through a careful exercise of "jackknife" checks, where data is split into several sub-datasets designed to reveal possible systematic effects. The BB and EE spectra from the BK15 dataset are shown in Figure 3 . The new 220 GHz data is in notably good agreement with the best-fit model from the BK14.
UPDATE ON THE ANALYSIS AND LATEST CONSTRAINTS.
In order to constrain r while marginalizing over foreground emissions, we make use of external publicly available data -Planck PR2 polarized maps: LFI: 30, 44 and 70 GHz, and HFI: 100, 143, 217 and 353 GHz and WMAP nine year release: K:23 and Ka:33 GHz-, and calculate all the polarized auto-and cross-power spectra. We then compute the likelihood, with the Hamimeche-Lewis (HL) approximation, 12 using a model that includes CMB from lensed-ΛCDM, and PGW of amplitude r, as well as dust and synchrotron emission. The BB cross-or auto-power spectrum from galactic dust and synchrotron between a map A and B is defined in Table 1 .
In the BK14 and BK15 analysis, we use 9 bandpowers between = 20 and 330. We feed in all the spectra, as well as their full covariance matrix -derived from signal and noise simulations-into COSMOMC. 15 The baseline analysis results for BK14 are shown in Figure 6 , along with a "BK15-like" simulation. For the first time in BK14, we obtained better constraints from B-modes only (r 0.05 < 0.09 at 95% confidence) than from the best non-B-mode results (r 0.05 < 0.12 1 ). Note that the constraint would be even better if the posterior peaked at zero. BK14 has a strong detection of dust but no detection of synchrotron. Going from BKP to BK14, we see a decrease in the width of the r posterior (from σ(r) ∼ 0.034 to 0.025) as well as a reduction of the degeneracy between r and A d . These are the tightest constraints to date on PGW. With BK15, we expect a further tightening of the contours, to σ(r) ∼ 0.02.
With more data, we can also perform other tests of the robustness of the results . In the upcoming BK15 paper, we test how the likelihood varies with data set selection, analysis choices (HL fiducial model, priors on foreground SED etc.), or lensing amplitude. We also study how the introduction of dust decorrelation affects the likelihood analysis. In past analyses, we assumed that the galactic dust foreground could be approximated as a given emission template that scales in frequency according to a given SED. In reality, different clouds of dust have different temperatures (hence different SEDs) and different mean polarization orientations. Due to these variations of the dust SED and polarization angles, dust emission will not be fully correlated at different frequencies. Planck first reported a detection of such a decorrelation, 16 but later analyses showed that the level is in fact below the current instrumental noise.
17, 18 In the BK15 analysis we search for evidence of dust decorrelation. In Figure 7 , we show how the r, A d , A sync and ∆ d posteriors vary for the same BK15-like simulation, given different priors and -dependence of the decorrelation. Even though there is no decorrelation (∆ d =1) in the input model of the simulation, the ∆ d posterior doesn't peak at 1, and more importantly the peak of the r posterior gets reduced by roughly 1σ when decorrelation is marginalized over. The fact that we impose physical bounds on these correlated parameters implies that including ∆ d can bias low the estimate of r. We studied this effect in detail in the BK15 paper and decided not to include dust decorrelation in the baseline analysis. High frequency Keck observations increase the constraining power on dust. We analyzed our model with BK only data, as well as with subsets of Planck and/or WMAP. Figure 8 shows these analysis variations on selected BK15-like simulation. We observe shifts in the r posterior and in the synchrotron constraints, all consistent with expected statistics.
FUTURE PLANS.
In 2016 and 2017, we have accumulated deep observations at 220 GHz using Keck (and even some 270 GHz data for the first time) as well as 95 GHz using Bicep3. These will allow an even better mitigation of foregrounds. We forecast σ(r) 0.01, using performance-based estimates.
Bicep Array (BA) is the Stage 3 modular telescope that will replace Keck Array on a new mount. It will have Bicep3-like receivers with the modularity of Keck, observing at 30, 40, 95, 150, 220 and 270 GHz (see Figure 4 and 5). It will be deployed during the Austral summer 2019-2020. Microwave SQUID multiplexers will allow the 220/270 GHz receiver to have ∼ 22000 detectors. It will surpass the dust sensitivity of Planck 353 GHz channel within a few days. The 30/40 GHz receiver will also rapidly improve the measurements of polarized synchrotron.
We also plan a wide survey of ∼ 20% of the sky, which will improve over Planck S/N within a few months. This will be useful in order to look for the cleanest patches of sky in the southern hemisphere. These other regions could be used to confirm a cosmological signal if observed in the original patch. We will also be able to test the general validity of the foreground models with more data. It will also of course be interesting for studies of galactic foregrounds, especially the anomalous microwave emission.
With the sensitivity achieved by BA, it will become even more necessary to de-lens the B-mode map, i.e. remove at the map level the signal due to gravitational lensing. This will be possible thanks to high resolution E-modes observations from SPT-3G. Using higher order statistics on E and B maps, the lensing B-modes can be reconstructed and taken into account in the data analysis. The lensing template can be added as an extra component to the likelihood analysis. While having promising results on simulations using an external tracer for the template, more advanced techniques will be necessary for optimal delensing. A proof-of-concept Bicep/Keck x SPTpol delensing analysis is currently in progress.
CMB-S4 (S4) is an effort of current teams -Bicep/Keck, SPT, ACT, Polarbear, Simons Observatory -to build multiple telescopes with a shared design with a total of over half a million detectors. For the "Inflation" science goal, S4 plans to have a mix of small aperture telescopes targeting the recombination bump, and large aperture telescopes used for delensing. The combined analysis of Bicep Array and SPT-3G will be a major step towards this goal.
